Estimates of world regional potentials of the sustainable use of biomass for energy uses through the year 2050 are presented. The estimated potentials are consistent with scenarios of agricultural production and land use developed at the International Institute for Applied Systems Analysis, Austria. They thus avoid inconsistent land use, in particular con icts between the agricultural and bioenergy land use. As an illustration of the circumstances under which a large part of this potential could be used in practice, a global energy scenario with high economic growth and low greenhouse gas emissions, developed by IIASA and the World Energy Council is summarised. In that scenario, bioenergy supplies 15% of global primary energy by 2050. Our estimation method is transparent and reproducible. A computer program to repeat the calculation of the estimates with possibly changed assumptions is available on request.
Introduction
Bioenergy is a renewable source of primary energy, and its sustainable use does not emit carbon dioxide. The increased use of this energy source could therefore contribute to achieving the objectives of the framework convention on climate change (FCCC) to stabilise atmospheric concentrations of greenhouse gases below dangerous levels. In assessing the possible degree to which bioenergy use could contribute to achieving this objective, the question about the global potential of bioenergy arises. Since a major input into bioenergy production is land, competition with food production is an important aspect determining the global bioenergy potential.
Estimates of the global potential of bioenergy for primary energy uses through the year 2050 are presented. These estimates are consistent with land-use changes in a global scenario of agricultural development, that is, with requirements for arable land and with agricultural production as projected by IIASA's world food system model [1, 13] . To illustrate the possible role of this potential in supplying the world's energy needs through the year 2050, results of a global scenario, published by NakiÃ cenoviÃ c et al. [2] , which features high shares of bioenergy are summarised.
Potentials of renewable energy can be theoretical, technical, or economic. Each of the ÿrst two categories comprise the one immediately following it, so that the three categories are of decreasing magnitude. The theoretical potential is determined primarily by natural conditions and describes the amount of biomatter that could grow annually. The technical potential depends on the available technologies and therefore changes as technology progresses. The economic potential is the most variable because economic conditions vary, sometimes drastically, over time. For instance, forests in remote locations are part of the technical potential of renewable energy, but may not be suitable for exploitation due to high access costs. In our analysis, this is accounted for by the so-called accessibility factors. The estimates reported here do take into account economic criteria, and allow for the possibility of gradually changing economic conditions in future.
Utilisation costs could, for example, decrease in the future as a result of technological progress, which could increase yields per unit of land, increase eciencies of processes converting biomass into useful energy, and lead to novel end-use technologies. In comparison with fossil fuels, relative costs of bioenergy utilisation could also decrease as a consequence of policies penalising the net emission of greenhouse gases. The global energy supply scenario summarised below is one in which utilisation costs of bioenergy develop favourably relative to fossil fuels. Therefore, it describes a case of a relatively large economic bioenergy potential.
Bioenergy potentials in five categories
The estimations include all land-related bioenergy, that is, excluding the bioenergy potential of the hydrosphere, in particular of the oceans.
In quantifying the estimated bioenergy potential, units of primary energy are used, that is, we leave it unspeciÿed whether biomass is converted into transportation fuel such as alcohol, into electricity, or into any other form of ÿnal energy. To account for the uncertainties a high and a low potential was used. The estimation of bioenergy potential was made for the entire globe, disaggregated into eleven world regions (Fig. 1) .
Estimates are based on a classiÿcation of total land into four major land-use categories: arable land, grassland, forests and "other" land. This allocation is exhaustive, i.e., it leaves no land unclassiÿed. Total land area throughout the time horizon (1990 -2050) is constant, that is, no signiÿcant additions or losses of the landmass are assumed. Land use changes over time, leading to increasing or decreasing sizes of land categories. The relation between these land classes and the ÿve bioenergy categories -crop residues, energy crops, wood from forests and forest residues, animal waste, and municipal waste -is summarised in Table 1 .
The ÿrst three land-use categories, namely, arable land, grasslands and forests, correspond one-to-one to three bioenergy categories. No land-use class corresponds to animal waste, which is calculated from an energy balance of animal husbandry. The same holds for the energy potential of municipal waste, which is derived from projections of urban population and GDP per capita [2] . "Other land" includes urban areas, protected land, and unused areas such as glaciers, barren land and deserts, and is therefore assumed to have no additional bioenergy potential.
Input data and assumptions

Land-use changes
The most comprehensive and most readily available source of land-use data for the base year 1990, was FAO [3] . From this base, land-use changes for each of the eleven world regions between 1990 and 2050 were assumed to follow IIASA's Basic Linked System of Models, a business-as-usual (BLS-BAU) global agricultural scenario of overall economic and agricultural development [1] . That scenario includes the quantiÿ-cation of food supply and demand of a world population that increases from 5.3 billion in 1990 to over 10 billion in 2050. A key result of the scenario calculations is that a mere 12.5% increase of arable land over 60 years is required to grow the additional crops. Most of the additional food supply comes from increased production per hectare of arable land, which increases at an average annual rate of 1.1% [4] . In the scenario, the additional arable land comes in approximately equal lots from forests and from grassland as described in detail in a study of land cultivation potential [5] . Use of cultivated land stays nearly constant in developed countries and increases by 20% in developing countries, though with great variations among regions. Overall, in the BLS-BAU scenario, the net additions to cultivated land between 1990 and 2050 amount to 180 million hectares. For comparison, a recent study by the UN Food and Agriculture Organization projects that arable-land use in developing countries may increase by 120 million hectares between 1995=1997 and 2030. This increase equals 7.4% of global arable land estimated for 1995=1997 [20] . Between 1961=1963 and 1995=1997; it is estimated that cultivated land increased by some 265 million hectares [20] . For many reasons, e.g., slowing population growth, limited availability of resources, technological progress, and saturation of food demand, it is argued that conversion of land for agriculture will continue to slow (as it has in the past). Globally, new cultivation leads to a 3% reduction of grasslands and forests in the year 2050. No attempt was made to project conversion from grassland into forest area (a orestation or reforestation) or vice versa. Since we are mainly concerned with the total bioenergy potential, minor alterations in land allocation concerning only the forests and grassland are therefore insigniÿ-cant for the results. The resulting land uses for 1990 and for 2050 are tabulated in Table 2 .
Crop residues
Crop residues are an important source of fodder and energy. Important residues are the haulmes of grain legumes, the stalks of sorghum, maize and millet, as well as straw from rice, wheat, barley, and oat. Quantities that may be available -assuming sustainable practices -have been estimated by applying a residue factor and a corresponding utilisation coe cient to crop yields. For concepts and typical examples, see [21, 22] . The bioenergy potential of crop residues was calculated separately for ÿve crop groups: wheat, rice, other grains, protein feed, and other food crops. For each, a residue factor determines the ratio between total above-ground biomass and the primary food produce. In a second step, an "availability fraction" determines those parts of the residues that are considered potentially available for energy use. The resulting residues for energy use are then converted into energy units, and further into yield rates per hectare of arable land. The calculated yield rates for each of the eleven world regions are summarised in Table 3 . Yields in each of the 11 world regions are a function of soil quality, climate, water availability, and the crop. They tend to increase over time as a consequence of general agricultural progress, and they are subject to saturation, that is, growth rates are declining over time. Note that bioenergy yield rates calculated in this way do not increase as fast as crop yields because the progress of agricultural technology also leads to increasing the harvesting index of crops, thereby decreasing the corresponding residue factor.
Bioenergy from grassland
The annual bioenergy production on grassland in 1990 in each of the world regions was estimated as a function of climate conditions and land characteristics. Raw data on climate conditions was taken from New et al. [6] . Land characteristics include information on soil type [7] and on terrain shapes [8] . Aggregate land cover information was derived from EROS [9] . To map the grid data onto the 11 world regions, dry-matter yields were estimated using a recent implementation of FAOs agro-ecological zones methodology (see Fischer et al. [10] ). For the assessment of rain-fed land productivity, a water-balance model is used to quantify the beginning and duration of the period when su cient water is available to sustain crop growth. Soil moisture conditions together with other climate characteristics (radiation and temperature) are used in a simpliÿed and robust crop growth model to calculate potential biomass production and yield.
The calculated potential yields are subsequently combined in a semi-quantitative manner with a number of reduction factors directly or indirectly related to climate (e.g., pest and diseases), and with soil and terrain conditions. The reduction factors, which are successively applied to the potential yields, vary with crop type, the environment (in terms of climate, soil and terrain conditions) and assumptions on level of inputs=management. In order to ensure that the results relate to production achievable on a sustainable basis, terrain slopes have been excluded when inadequate for the assumed level of inputs=management or too susceptible to topsoil erosion [10] . Dry-matter yields were then converted into speciÿc energy yields.
Comparing these average attainable yields with the potential yields reported by the IPCC Second Assessment Report, shows that possible potential yields are much higher, reaching high values of 400 GJ=ha in the US and more than 1000 GJ=ha in tropical regions [11] . It was assumed that the bioenergy potential of grassland will grow from the 1990 estimates at rates in the neighbourhood of those of agricultural productivity (1%=yr). To re ect the uncertainty behind this assumption, high and low annual growth rates of 0.8 and 1.25%, respectively, were used for the bioenergy potential of grassland. Even the higher rate does not bring the yields near the IPCC values. The resulting low and high yields are summarised in Table 4 .
Bioenergy potential of the sustainable use of forest products
The bioenergy potential of forest products in 1990 is based on estimates by Dessus et al. [12] . In their report World potential of renewable energies -actually accessible in the 1990s, the authors estimate speciÿc yields in 1990 and a fraction expressing the availability of forest products for energy uses. The availability numbers assume, among others, that wood energy potential is restricted to distances of less than 200 km between production and consumption. They also account for the use of some of the growing wood as a raw material. With these authors' numbers for the year 1990 as a basis, the same extrapolation method was used as for grassland to estimate the growth of this potential over time. That is, average annual growth rates of 0.8% (low estimate) and 1.25% (high estimate) were assumed. The resulting high and low yields are summarised in Table 5 .
Animal waste
The estimation of the bioenergy potential of animal waste was based on animal feed requirements determined in the BLS-BAU scenario. For each world region, a feed balance was established, meeting feed requirements of animals with crops fed directly -according to the BLS-BAU scenario -and subtracting the remainder from the bioenergy potentials of crop residues and grassland yields as calculated above to avoid double counting. From the energy equivalent of all animal-feed inputs, "digestible energy" (i.e., the fraction of energy input actually absorbed by the animals) was subtracted, and the rest deÿnes the bioenergy potential of animal waste.
Municipal waste
The method for estimating the primary energy potential of municipal waste was the same as in the IIASA-WEC study [2] . There it was assumed that with increasing wealth, per-capita municipal waste asymptotically reaches approximately 2.5 tonnes of waste. This is equivalent to 250 kg oil equivalent or 10 GJ (10 9 J)=yr.
Results
The resulting high and low estimates of global bioenergy potential are shown in Fig. 2 . The total bioenergy potential of the base year, 1990, was estimated at 225 exajoules (10 18 J) or 5.4 billion (10 9 ) tons of oil equivalent (Gtoe). For comparison, the actual use of bioenergy in 1990 was 46 exajoules or 1.1 Gtoe. By the year 2050, this potential was estimated to have grown to between 370 and 450 exajoules (8.8 and 10.8 Gtoe). The potential growth occurs in all categories considered. The slowest growth occurs in the "crop residues" category (due to increasing the harvesting index). To put the estimated totals into perspective, the estimated global energy value from photosynthesis is 4000 exajoules [14] .
Policy aspects
To actually be able to utilise the growing bioenergy potential of grassland and forests requires policy action, e.g., support in the form of extension programs, economic incentives and R&D. In addition, lead times must be taken into consideration. Lead times not only re ect the build-up time of biomass but also technological progress towards a more and more e cient utilisation of the natural energy ows. With respect to ÿnal energy demand, the overall e ciency and acceptance of bioenergy depends on appropriate end-use technologies. For a discussion of technology trends in this area, see, for example, [15] .
It is beyond the scope of this paper to describe the detailed policy measures that would ensure a high-bioenergy potential and its utilisation. Rather, in the ensuing subsection, we summarise a long-term scenario of global energy supply for which it was assumed that the economic and environmental conditions will make the use of a large fraction of the above-estimated bioenergy potential economic.
The IIASA-WEC A3 scenario
Of the six scenarios of global primary energy supply described in the IIASA-WEC study [2] , the scenario with the highest absolute contribution of bioenergy is scenario A3. Other broad characteristics of this scenario include high economic growth, a continuation of rapid technological development, and the assumption of fossil energy resources in the middle range of existing long-term estimates. About bioenergy, it is assumed that technological progress of its production and use will, for example, allow methanol produced using the lower-cost part of the bioenergy potential compete successfully with fossil-based motor fuels after the year 2020. No carbon tax or greenhouse gas emission limit was assumed.
Readers interested in more details concerning assumptions, results, and the path between them are encouraged to refer to [2] and supporting publications for more information on the IIASA-WEC A3 scenario. Here, we just summarise the development of global energy supply as portrayed by that scenario (see Fig. 3 ). In the year 2050, bioenergy contributes 153 exajoules to global primary energy supply, that is, it would utilise approximately 50% of our low estimate. In our opinion, this fraction of one-half characterises well the extent to which our estimates describe an economic potential and to which extent they describe a "sub-economic" technical potential. To summarise: the scenario and the estimated potential, taken together, express that fairly favourable but not extreme assumptions (such as high carbon taxes) may lead to bioenergy contributing more than 150 exajoules to global primary energy supply by the year 2050. Such a contribution will be consistent with a scenario of global food production that makes comparable assumptions about global economic growth and technological developments.
In environmental terms, a major result of the IIASA-WEC A3 scenario is a signiÿcant reduction of the carbon intensity, "decarbonization", of the global energy system. Global energy-related CO 2 emissions rise from 6 GtC (10 9 tonnes of carbon) in 1990 by no more than 50% (to 9 GtC) in 2050. In the longer-term future, until the year 2100, the A3 scenario is the only one of the three high-growth IIASA-WEC scenarios in which atmospheric CO 2 concentrations remain below 550 parts per million by volume (that is, twice the pre-industrial level), which is often used as a reference concentration goal.
Other studies and results
To help place the presented estimates of global bioenergy potentials, they are compared in Table 6 with those reported by other authors. Table 6 distinguishes between scenarios and potentials. In scenarios, bioenergy is assumed to be competitive -at least under the set of circumstances assumed to prevail in a scenario. With the major exception of Dessus et al. [12] , who estimated a "competitive" potential of bioenergy, scenario numbers tend to be smaller than potentials. Not surprising, more bioenergy is used in low-carbon emission scenarios. A notable exception is the Greenpeace fossil-free energy scenario (FFES) [16] , which projects low-bioenergy shares. This is explained by the generally low-energy demands and the high shares of solar and aeolic (wind) energy in primary energy supply in FFES. Another important factor is the point in time for which an estimate is made. The further in the future the higher the estimate. Strict comparability of all total potentials is di cult to establish because so many di erent assumptions go into each scenario and into each estimation of bioenergy potentials. In our opinion, speciÿc potentials o er a better basis for the comparison of di erent studies, and we therefore emphasised bioenergy yields per hectare-year throughout our estimation. A computer program is available from the authors that allows users to quantify their own assumptions and calculate the resulting estimates of global and world-regional bioenergy estimated in a manner consistent with the global food and agricultural scenarios developed at IIASA.
